The filling is reported of the air holes of an InP-based two-dimensional photonic crystal with solid polymer and with liquid crystal 5CB. The polymer filling is obtained by thermal polymerization of an infiltrated liquid monomer, trimethylolpropane triacrylate. The filling procedure for both the monomer and liquid crystal relies on the capillary action of the liquid inside the ~ 200 nm diameter and > 2.5 µm deep air holes. The solid polymer infiltration result was directly inspected by cross-sectional scanning electron microscopy. It was observed that the holes are fully filled to the bottom. The photonic crystals were optically characterized by transmission measurements around the 1.5 µm wavelength band both before and after infiltration. The observed high-frequency band edge shifts are consistent with close to 100% filling, for both the polymer and the liquid crystal. No differences were observed for filling under vacuum or ambient, indicating that the air diffuses efficiently through the liquid infiltrates, in agreement with estimates based on the capillary pressure rise.
INTRODUCTION

Photonic crystals
1 are emerging as a new class of photonic devices, with great interest both for fundamental research on photon-matter interactions as for applications in photonic integrated circuits. Two-dimensional (2D) photonic crystals (PhC) etched in planar waveguide structures offer currently the best manufacturing control, since they employ the sophisticated technology of state-of-the-art semiconductor lithography and processing. With proper designs, extremely good photon confinement can be realized even with such two-dimensional systems, as is demonstrated by the very high quality factor cavities already realized 2 . From their manufacturing, the 2D PhC consist naturally of a dielectric, usually a semiconductor, as the high-index material and air (or vacuum) as the low-index material. Since the refractive index of the semiconductor is typically rather large (>3), it is possible to replace the air in the holes by another low-index functional material, thereby enhancing the possibilities of the PhC, notably tuning through the low-index dielectric.
Several groups have already pursued the tuning of 2D PhC by infiltrating the holes with a Liquid Crystal [3] [4] [5] [6] [7] [8] [9] , following the original suggestion by Busch and John 10 . While the tuning capabilities of Liquid Crystals are not likely to be surpassed by any other dielectric, their relatively slow response, anisotropy, or liquid state could make them unsuitable for some applications. Moreover, even for purely passive applications, it is of interest to employ a third material as an infill to enhance the design parameters of device components 11 or to decrease out of plane losses 12 . Therefore a need exists to search for other materials that can be easily infiltrated in the air holes. A smaller tunability range should be compensated by exploiting a nonlinearity-enhancing property of the photonic crystal like a cavity or a band edge. In this paper we report the filling of the holes with a Liquid Crystal as well as with a solid polymer achieved by infiltration of a liquid monomer and subsequent thermal polymerization. The solid state of the polymer allows for a detailed inspection of the filling process by cross-sectional Scanning Electron Microscopy (SEM) of cleaved samples.
OPTICAL CHARACTERIZATION OF INFILTRATED SAMPLES
Since the intended application domain of the present work is in the integrated circuits operating near the 1.5 µm telecom wavelength, the material system is the InP-InGaAsP-InP planar waveguide, consisting of a 500 nm upper InP cladding and a 500 nm InGaAsP core, grown by Metal-Organic Chemical Vapour deposition (MOCVD) lattice matched on an InP buffer. The low vertical index contrast between the core and the cladding (~ 3.4 vs ~ 3.2) imposes a high aspect ratio etch of > 2.5 µm deep, ~ 200 nm diameter holes on a ~ 400 nm pitch in a hexagonal pattern. Photonic crystal patterns were etched using a Cl 2 -based Inductively Coupled Plasma process, with addition of a small amount of O 2 for sidewall passivation 13 .
The liquid monomer trimethylolpropane triacrylate (TMPTA, Aldrich), mixed with a thermal initiator (0.5% AIBN, Azoisobutyronitrile, Fluka), was chosen as infiltrant 14 for its ease of polymerization under thermal or UV treatment. Since the semiconductor is not transparent to UV-radiation, the thermal process was selected 14 . In a separate experiment, employing a thin layer of the polymer, its refractive index was determined from ellipsometry to be n inf = 1.465 at 1.5 µm wavelength. Since wetting of the infiltrant with the semiconductor surface is crucial for infiltration, the wetting was first investigated from contact angle measurements. A rinse with dilute HF followed by one with propanol-2 gave contact angles below ~3 0 and resulted in successful infiltration.
The photonic stopbands for TE-polarization were calculated in both PhC symmetry directions ΓK and ΓM, using a commercial software package 15 that employs a 2D plane wave expansion method 16 . The effective index of 3.25 of the planar waveguide was used in the 2D calculation. The results are shown in Fig. 1 for the design ratio of hole radius r to hexagonal lattice constant a of 0.3. It follows that for the polymer index (1.465) the bandgap is reduced from the air value ∆(a/λ)/(a/λ) ~ 25% to ~ 15% after filling, which is still conveniently large. Up to infiltrant indices of ~ 2.3 the gap remains in both directions. Fig. 2 shows the upper and lower stopband edges (lowest bandgaps) in dimensionless units as a function of the hole radius to lattice constant ratio r/a. From this it should be noted that not only the bandwidths decrease when r/a decreases, but also the relative effect of infiltration decreases with smaller hole radii.
The full calculated bandstructures for infiltrated (n inf =1.465) and empty photonic crystals are displayed in Fig. 3 (a) and (b) using the 2D plane wave expansion method and effective host refractive index of 3.25 with design r/a = 0.3. The calculations are shown for both polarizations. The effect of infiltration on the bandstructure is much stronger for the TE than for the TM polarization. This has the same origin as the absence of a bandgap for the TM-polarization at r/a = 0.3. Figures 3 (c) and (d) show the measured transmission data in the ΓK-direction. The data were obtained using a tunable laser (1470-1570 nm) and by combining data from crystals with varying a but fixed r/a etched on the same chip. Light was coupled in and out of simultaneously etched ridge waveguides using microscope objectives. For the TEpolarization, a substantial redshift of the high-frequency band edge was observed, with a magnitude in fair agreement with the calculated shift assuming the holes are completely filled with the n = 1.456 dielectric. It is important to observe that the transmission in the high-frequency band (a/λ > 0.27) has not degraded after filling, and actually is improved. The reduction of the in-plane index contrast, while reducing the bandgap, is expected to have a beneficial effect on the out-of-plane losses. Fig. 3(d) shows transmission data for the TM polarization after infiltration, along with a calculated transmission. Data before infiltration are not available for this polarization. The calculation is a 3D FDTD using commercial software 15 assuming straight cylindrical holes 3 µm deep. Also in this polarization, the transmission is in good agreement with the calculations; in fact the measured suppression in the frequency range a/λ ~ 0.21-0.28 is larger than in the simulations. Although no real gap exists in the ΓK direction for TM-polarization, the symmetry of the mode of the second lowest band is such that it is not excited experimentally and also not using the mode exciter used for the A SEM cross-section of a typical etched hole pattern is shown in Fig. 3(e) , albeit not for the same crystal from which the transmission data were taken.
CROSS-SECTIONAL SEM CHARACTERIZATION
Since the polymer is a solid, it is possible to inspect directly the filling. For this purpose the filled crystals were cleaved and the cross-sections examined with a SEM. Typical results for different feature sizes are displayed in Fig. 4 , obtained from samples from etch-test runs and so of inferior shape. Even for the smallest sizes (< 200 nm, 4(c)), the holes are entirely filled down to the bottom. The infill accurately follows shape irregularities (e.g. 4(a)) or bottom roughness (4(d) ). It is also seen (particularly well from 4(b)), that a partial detachment from the wall may occur and consequent incomplete filling. This is not attributed to incomplete liquid infiltration, but to volume shrinkage upon polymerization, which is known to be of the order of 10% for these type of polymerizations.
Some of the holes in Fig. 4 appear empty, which could suggest that only a fraction of the holes are filled. To investigate this in detail, for one sample both sides of the cleaved piece were examined under the SEM, thereby carefully identifying the corresponding holes. It is not expected that the tiny polymer plugs in the holes would be cleaved as well, so they should remain at either side. Since the crystal is cleaved under a small (~3 0 ) angle with respect to the ΓK photonic crystallographic axes, they should periodically reside in the one or in the other half, as is suggested by the inset 
LIQUID CRYSTAL INFILTRATION
The infiltrations with the liquid monomer were performed both under modest evacuation (residual pressure ~ 20 mbar) as well as under ambient atmosphere. No systematic changes were observed dependent on the conditions, neither from the optical data, nor from the cross-sectional SEM images. Apparently, degassing of the holes is very efficient since no effects from trapped air are found. A possible route is the diffusion of the air through the liquid plug during the infiltration, driven by the quite high capillary pressure (up to ~ 5 bar if there would be no degassing). Although the gas permeability of the used liquid was not known, using typical data for polymers suggested that this route is indeed plausible, leading to degassing times (< 1 s), short compared to the time scale of the infiltration and subsequent polymerization process (> 10 3 s) 18 . To show whether infiltration under ambient works also for the Liquid Crystals (LC) that are usually infiltrated under vacuum, a sample was infiltrated with the common nematic Liquid Crystal known as 5 CB or K-15 (4-n-pentyl-4-cyanobiphenyl). The clearing point of this LC is ~ 35 0 C, and it was infiltrated at room . To obtain an accurate number for the filling fraction is not straightforward, in view of the uncertainty of the refractive index 5, 19 . The ordinary and extraordinary refractive index are 1.516 and 1.682 respectively 19 , but the orientation distribution of the LCdirector is not known. The photonic crystal in Fig. 6 accidentally had a smaller r/a ratio than intended, which makes it less sensitive to infiltration (see Fig. 2 ). Nevertheless, the substantial shifts in Fig. 6 indicate that the filling fraction also must be close to complete.
CONCLUSION
It has been shown from optical data and direct cross-sectional SEM-investigation that the airholes in a deeply etched two-dimensional photonic crystal can be easily filled with a solid polymer. The filling was based on liquid infiltration with a monomer and subsequent thermal polymerization. Filling can be accomplished under ambient conditions which appears to work also for infiltration with liquid crystal. Fig. 6 Measured transmission of a photonic crystal before ("empty") and after ("filled") infiltration with Liquid Crystal 5CB in the ΓK-direction (left) and ΓM-direction (right); TE-polarization in both cases.
